Ni-base wrought alloy HASTELLOY X * tube was exposed to Ar-CH 4 at 800 and 1000 ˚C in order to understand the carburization kinetics of the alloy used for fuel injection nozzles of micro-gas turbine combustors. Three different internal carbides, (Cr,Mo) 3 C 2 , (Cr,Mo) 7 C 3 and (Cr,Mo) 23 C 6 were observed in this order from the surface, and the partial damage to the outer surface of the specimen tube appeared similar to metal-dusting. The internal carburization kinetics on both the inner and outer parts of tube followed the parabolic rate law. The carbon permeability in HASTELLOY X was obtained, and was slightly smaller than that of Ni-20%Cr.
The inner and outer surfaces and cross-sectional microstructures of the carburized specimens were examined by scanning electron microscopy (SEM) and optical microscopy (OM). Murakami's reagent, which contains 1.78 mol KOH and 0.304 mol K 3 [Fe(CN) 6 ] per litre, was used for etching the cross-sections in order to distinguish between the internal carbide. Some of the specimens were analyzed by electron probe micro-analyzer (EPMA) and XRD to determine the distribution of each element and identify the structures of the reaction products. Figure 2 shows the surface morphologies of the specimens after carburization tests at 800 and 1000 ˚C for 1, 4, 25 and 100 h. Scratches from surface grinding can still be observed after 25 h of carburization at 800 ˚C, and the surface was covered with a needle-like reaction product after 100 h. At 1000 ˚C, both the inner and outer surfaces were covered by a fine-grained reaction product after 1 hour of carburization, and the fine-grained product became coarser after longer carburization. On the outer surface, a coarse spherical shaped reaction product was observed after 25 h of carburization and tended to grow larger after 100 h. This spherical reaction product ( Fig. 2 (e ), (f)) was found to be a thin film and easily peeled from the surface as shown in Figure 3 (a) ( Fig. 3 (a) was obtained from a much longer carburization test). This reaction product was identified as graphite from XRD analysis, Figure 3 (c). As shown in Figure 3 (b), a small amount of Ni and Cr 3 C 2 particles were observed to form at the bottom of the graphite film. Moreover, Cr 3 C 2 scale formation was also confirmed in areas where no-graphite film was formed. and 1000 ˚C for different carburization times. At 800 ˚C no internal carburization was observed for at least 25 h of carburization, but was observed in some areas after 100 h in the inner part of the tube. At 1000 ˚C, the internally carburized layers were observed to develop after 1 hour, and the depth of each layer increased with time. The rate of growth of the inner and outer regions carburization zones was different during shorter reaction times. The depth of the inner carburization zone was greater than the outer zone until 4 h of corrosion, but they became almost equal after 9 h. After 25 h of carburization, the internal carburization zone was found to consist of three different layers ( Fig. 5 (d) ). The outermost layer finally reached the centre of the specimen after 100 h. to be rich in Mo [10] and would be M 6 C type carbide [11] . After carburization tests, carbides, in dark contrast, were found to form and grow mainly along grain boundaries and the interfaces between Mo-rich precipitates and the substrate. Figure 7 shows the results of EPMA analysis of the carburized specimen after 9 h at 1000 ˚C, and all the carbides were high in Cr and low in Mo. The carbides were identified from their metal/carbon ratio to be M 3 C 2 , M 7 C 3 and M 23 C 6 (M = Cr and Mo) in this order from the surface. Figure 8 shows cross-sectional microstructures of each part of the specimen carburized for 100 h at 1000 ˚C. Apart from the inner middle part of the tube specimen ( Fig. 8 (b) ), after carburization the surfaces became significantly rough and powder-like metal particles were also observed, particularly at the tip of the tube. Areas that were significantly damaged were found to correspond to the locations where graphite film formation was observed, as shown in Figure 3 . 
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Carbon activity of the test reaction gas
CH 4 can dissociate into H 2 and C through the following reaction.
The temperature dependence of the equilibrium constant K of eq. (1), in Figure 10 , shows that carbon activity increases with increasing temperature [12] . The carbon activity, a c , is expressed in terms of K by using partial pressures of CH 4 , P CH4 , and H 2 , P H2 , as:
and a c can be calculated by the ratio of partial pressures of CH 4 and H 2 . In this study the carbon activity was high enough to cause carburization at both temperatures, however, the initial carbon activity could not be calculated because an Ar-CH 4 gas mixture without H 2 was used, and the extent of CH 4 dissociation was not measured.
Formation and growth of three different carbides
M 3 C 2 , M 7 C 3 and M 23 C 6 were found to form, in this order from the surface, in this study. Among those Cr carbides, Cr 23 C 6 is the most stable carbide, forming in the innermost region. During the initial transient stage, carbon diffuses into the substrate, forming M 23 C 6 carbide in the sub-surface region, followed by M 7 C 3 and M 3 C 2 formation with longer reaction time due to increasing carbon activity in the substrate.
When graphite nucleated at the alloy surface, a c at the graphite/alloy boundary became unity. The growth kinetics of each carbide layer then continued in a steady state until carbon reached the centre of substrate, as illustrated in Figure 11 . During the steady state growth of each carbide layer, M 23 C 6 and M 7 C 3 were carburized to form M 7 C 3 and M 3 C 2 , respectively. After the M 23 C 6 layer reached the centre of the specimen, M 7 C 3 and M 3 C 2 continue to grow deeper until carbon activity in the substrate become uniform, and only
Although the solubility products of the carbides are relatively large, Wagner's theory [13] can be applied in this study [12] . As the carbon permeability N C (S) D C is expected to be much greater than that of Cr [12] , the condition can be described as
Here, N C (S) and N Cr For up to 9 h of carburization, where the carburized layer had not reached the centre of the specimen, the k p of M 23 C 6 was obtained from Figure 9 by using Eq. (4) to be k p = 2.9 x 10 -8 [cm 2 sec -1 ] for the inner surface and k p = 3.6 x 10 -8 [cm 2 sec -1 ] for the outer surface of the tube as shown in Figure 12 .
The permeability of carbon in HASTELLOY X can be calculated by Eq. (5) using those parabolic rate constants, k p , and initial alloy Cr content, N Cr =0.244, with the assumption that the blocking factor is negligible,  = 1. The average of stoichiometric factor [14] of each carbide,  = 0.452, was used in this study to simplify the calculation, since the widths of carbides zones are similar. The calculated permeabilities of carbon at the inner and outer part of the tube were N C (S) D C = 32 x 10 -10 [cm 2 sec -1 ] and 40 x 10 -10 [cm 2 sec -1 ], respectively. Although the obtained permeabilities in this study are slightly smaller than that of Ni-20Cr, N C (S) D C = 55 x 10 -10 [3] , the growth of carbides in HASTELLOY X can be approximated by carbon diffusion in a simple binary Ni-Cr alloy. The alloying elements of Fe, Mo and Si may reduce the carbon permeability in HASTELLOY X, since those elements are reported to reduce the diffusivity of carbon [7] [8] [12] . Further detailed analysis and measurements of the Cr content in the alloy substrate, and the volume fraction of each carbide are required to obtain the individual growth kinetics for each carbide layer, however the carbides were too small to analyze by EPMA.
The difference in carburization rate between inner and outer surface of the tube
The depth of carburization zone at the inner part of the tube was larger than that of the outer part, particularly during the shorter time carburization as shown in Figure 9 . However the rate constant of carburization, k p , of the inner part was slightly lower than that of the outer part as shown in Figure 12 . In the present study, we could not measure the temperatures at the inner and outer surface of the HASTELLOY X tube. However, we may assume that the temperatures at the outer and the inner surface of tube were not significantly different, since the sample thickness, 0.8 mm, is expected to be thin enough to maintain the sample temperature uniformly under the present experimental condition. With this assumption, there may be two possibilities, different gas temperature and gas flow rate, which caused different carburization kinetics and graphite deposition behaviour at inner and outer part of sample tube. Lower parabolic rate constant of carburization, k p , observed in the inner part of tube may suggest a lower carbon activity inside the sample tube, which indicates lower gas temperature. However, further discussion, particularly considering the effect of gas flow rate on the carburization behaviour, is difficult, further investigation is required.
Metal dusting
The outer tube surface was found to be significantly damaged, as shown in Figure 8 , and graphite deposition was always found on those damaged areas. Young et al. reported that the graphite, which can be precipitated on the surface by reaction (1), can grow and incorporate Ni particles, and those Ni particles catastrophically accelerate the reaction causing metal dusting [12] . As mentioned previously, Ni particles were found below the graphite film in the present study (see Fig. 3 (b) ), and therefore metal dusting may also have occurred on the HASTELLOY X alloy in Ar-CH 4 atmosphere at 1000 ˚C, after a relatively long exposure time of 100 h. One of the main causes of severe corrosion of micro gas turbine components made from HASTELLOY X alloy may be metal dusting.
Conclusions
Carburization of HASTELLOY X alloy at 800 ˚C and 1000 ˚C in Ar-10%CH 4 gas was conducted.
The results may be summarized as follows.
1. Internal carburization occurred both at 800 ˚C and 1000 ˚C in Ar-10%CH 4 . Much longer incubation periods were observed at 800˚C. Three layered internal carburization zones with M 3 C 2 , M 7 C 3 and M 23 C 6 (M = Cr and Mo) were formed in this order from the surface.
2. The growth of the internal carburization zones formed on both the inner and outer part of tube followed parabolic kinetics. The permeability of carbon in HASTELLOY X was slightly smaller than that of Ni-20Cr alloy.
3. Metal dusting was observed beneath graphite deposition, and may be one of the causes of severe corrosion of micro gas turbine components. 
